Infectious diseases are now emerging or reemerging almost every year. This trend will continue because a number of factors, including the increased global population, aging, travel, urbanization, and climate change, favor the emergence, evolution, and spread of new pathogens. The approach used so far for emerging infectious diseases (EIDs) does not work from the technical point of view, and it is not sustainable. However, the advent of platform technologies offers vaccine manufacturers an opportunity to develop new vaccines faster and to reduce the investment to build manufacturing facilities, in addition to allowing for the possible streamlining of regulatory processes. The new technologies also make possible the rapid development of human monoclonal antibodies that could become a potent immediate response to an emergency. So far, several proposals to approach EIDs have been made independently by scientists, the private sector, national governments, and international organizations such as the World Health Organization (WHO). While each of them has merit, there is a need for a global governance that is capable of taking a strong leadership role and making it attractive to all partners to come to the same table and to coordinate the global approach.
emerging infectious diseases | vaccines | human monoclonals | Ebola | Zika Zika's spread reminds us that the world is still woefully unprepared to address rapidly emerging infectious diseases. EIDs are hardly new: the Black Death in the 14th century (1), smallpox and cocoliztli in the 16th century (2) , and Spanish influenza in 1918-1919 (3) were among the deadliest pandemics in human history. In the last few years, severe acute respiratory syndrome (SARS), West Nile, H5N1, H1N1, Middle East respiratory syndrome (MERS), and Ebola-in addition to Zika-have emerged. Although the majority of recent EIDs have been viral, bacterial infections are also a threat, with the devastating cholera epidemic in Haiti, the foodborne Escherichia coli O104:H4 outbreak in Germany in 2011, and the invasive nontyphoidal Salmonella in Africa representing prominent examples. Today, the major risk from bacteria comes from antibiotic-resistant strains, such as multipledrug-resistant Staphylococcus aureus (MRSA). Whether viral or bacterial, EIDs share common attributes of unpredictability, high morbidity, the potential for explosive growth of cases, and substantial social impacts.
Demographic forces amplify the risks associated with EIDs. The global population is expected to grow to 8 billion within 8 y, with nearly 60% living in relatively crowded urban areas. By 2050, half the world's population will live in tropical environments, which bear a much larger burden of disease (4) . Rapid aging of the global population will further increase susceptibility, as both ability to fight off infection and efficacy of immunization wane with age. Additionally, air travel increases annually, with more than 100,000 flights per day as of 2014. These factors favor the emergence, evolution, and spread of new pathogens.
Compelling evidence of economic effects of infectious diseases abounds. Examples range from the economic consequences of the aforementioned historical epidemics to fallout from modern epidemics of malaria (5, 6) , SARS (7), Ebola (8, 9) , and dengue (10) . The World Bank estimates the anticipated gross domestic product (GDP) cost of a moderately severe global flu pandemic at about 5% of world income (roughly $3.5 trillion-a sum greater than Germany's GDP) (11, 12) . The full cost of such an epidemic, including the lost value of health and longevity, is nearly an order of magnitude higher (13) . Initial estimates indicate that Zika-in addition to causing significant human hardship-will result in $3.5 billion in economic losses in 2016 alone (14) .
Despite the massive health and economic risks posed by infectious diseases with epidemic potential, Center for Global Health, Cincinnati Children's Hospital, Cincinnati, OH 45229; and the global health community has largely failed to take a proactive approach to coping with outbreaks so far. EIDs need to be attacked on multiple fronts, including basic research on the nature and emergence of new pathogens and health systems' strengthening in the form of epidemiological surveillance and the development of new antimicrobial agents and of faster, cheaper, and more targeted diagnostics. Many researchers and policymakers within the global health community are busy undertaking the task of identifying our shortcomings in the realm of epidemic preparedness and conceptualizing ways to enhance our capacity to respond to infectious disease threats along several of these fronts. For example, Sands et al. (15) have proposed a comprehensive approach to improving our understanding of the world's economic vulnerability to infectious disease crises that requires data collection and analysis to be undertaken by multiple organizations at multiple levels.
In addition, the development of new vaccines is especially needed to provide a frontline defense against disease transmission. Fig. 1 is a schematic representation of our responses to SARS, H1N1 pandemic influenza, Ebola, and Zika. Generally, a newly emerging infectious disease is met with media-driven global panic followed by a fresh wave of research funding and a push for vaccine development. Subsequently, many scientists in academia and biotechnology companies rush into the field, attracted by the new challenge and funding. Large vaccine companies, motivated mainly by public-sector pressure and social responsibility, overlook the high likelihood of failure to make a profit or even recover costs (due to low ability to pay in many locations where new infections emerge) and join the race. Meanwhile, regulatory agencies become more accessible and flexible to hasten the process of vaccine development and distribution.
The expectation is to deliver a vaccine overnight, although the process is likely to take at least 5 y even under the most accelerated procedures. While vaccine development races on, basic quarantine procedures may eventually control the disease, as occurred in the cases of the SARS and Ebola outbreaks. Alternatively, the outbreak may resolve itself if a mild infection spreads across the population and creates a herd immunity effect. Once the outbreak is over, the media direct their attention elsewhere, donors divert funding to other priorities, and vaccine developers are left frustrated by the opportunity costs associated with their having diverted resources from normal vaccine research, development, and production to an economically and socially futile exercise. If the outbreak recurs, the global health establishment so far has not been more prepared to combat it than it was at the start. The exception has been Ebola, where a vaccine was developed and shown to be efficacious. Although the Ebola vaccine was too late to be useful in the 2014 epidemic, it will be there to face future risks. In short, the current approach has been reactive and ineffective, has paid little heed to the fact that traditional business models routinely let us down, and has done little to shore up the public's defense against future outbreaks.
Recently, exciting progress has been made in the development of platform technologies. These platforms use a module (based on a viral vector, synthetic DNA or RNA, or a bacterial construct) to deliver a synthetic gene that encodes an immunity-inducing agent or nanoparticles containing an antigen (Fig. 2 and refs. 16 and 17) . The major advantage of these platforms is that once they have been developed and licensed for one vaccine, development of the next vaccine requires only substitution of the synthetic gene, allowing a manufacturing plant to move to a new target disease with minimal changes in chemistry, manufacturing, and controls. Thus, new vaccine development can focus on the safety and efficacy of the inserted gene. Furthermore, the ability of platforms to target multiple pathogens helps justify the investment required to build and maintain manufacturing plants that specialize in one platform, because a single plant can be ready to produce multiple vaccines at any time.
However, even with a streamlined regulatory process and platform technologies, vaccine development is inherently slow, often requiring many years. Human monoclonal antibodies could help bridge the gap. New technologies allow us to clone human B cells, sequence their Ig genes, and express large amounts of human monoclonals as full-length antibodies, single chain, or as Fab fragments. In addition, we can engineer monoclonals to obtain longer half-life, to remove the Fc receptor-mediated disease enhancement observed in the case of dengue and Zika viruses, and to enhance potency and breadth. An s.c. injection of 20-100 mg of a potent human monoclonal that induces protection from infection and persists for few weeks or months is now conceivable, as recently demonstrated in the case of HIV (18) . Because antibodies are faster to develop and license than vaccines, they could represent a natural first line of protection. In the case of the Ebola outbreak, monoclonal antibodies would have reduced the mortality in health-care workers and potentially reduced the spread of disease. Because large quantities of multiple potent antibodies can be stockpiled and kept ready to deploy should an outbreak occur, monoclonals offer great promise against most known viral threats. One possible strategy could be to generate potent crossreactive monoclonals against most known viral threats and be ready to deploy large quantities of antibody should an outbreak occur. Even in the case of an unknown pathogen, this technology, if ready to go, could allow rapid isolation of human monoclonals from convalescent individuals to produce the first tool to rapidly treat the new pathogen and prevent its transmission. Additionally, in the future, these potent monoclonals may not need to be manufactured and injected but could be produced by each individual following injection of the gene coding for the antibody, using RNA or DNA.
Although we have the technological capacity to better position ourselves in terms of epidemic preparedness and response, we currently lack an economically sustainable, proactive strategy that adequately addresses six key questions: (i) which immunologics to prioritize, (ii) which vaccine or antibody developers and platforms to select for investment, (iii) how much of a subsidy to provide to companies willing to develop prioritized immunologics, (iv) how much of any subsequent financial return on the products developed should revert to the funders, (v) what the sources of funding should be, and (vi) what the scale of operation should be. Ideally, the global health community should work together to institute, fund, and support an organization that can oversee and promote global epidemic preparedness.
Several institutional innovations that attempt to bridge the gap between technological feasibility and field-ready (or nearly fieldready) interventions are currently under discussion. The first, proposed by three eminent vaccinologists, is to raise $2 billion to establish a Global Vaccine Development Fund (GVDF) to support development up to the proof-of-concept stage of multiple vaccines that the private sector refrains from developing because they are commercially unattractive (19) .
The second-which grew out of the concept for the GVDF and is being spearheaded by the governments of Norway, Japan, Germany, and India, the Wellcome Trust, and the Bill & Melinda Gates Foundation, among others-is the Coalition for Epidemic Preparedness Innovations (CEPI) (20) . As part of its preliminary business plan, CEPI has identified a goal of raising $1 billion for its first 5 y with the specific goal of funding the development of at least four vaccine candidates for two to three priority pathogens (21) . The objective is to help these candidates progress through the proof-of-concept stage and up to the point at which full clinical efficacy testing is feasible, advancing their readiness for scale-up in case of an outbreak. In January of 2017, CEPI announced that it had raised $460 million to date and began soliciting proposals for vaccines against MERS, Lassa, and Nipah viruses (22) .
The third idea, originally proposed by GlaxoSmithKline, involves creating a dedicated biopreparedness organization (BPO). This would be a permanent, platform-based entity that is fully embedded within an experienced industrial research and development organization, with the scope to develop vaccines to clinical proof of concept and to maintain an adequate supply of clinical materials for a subsequent evaluation of efficacy, and potentially a large enough supply for an emergency intervention. The BPO would be a nonprofit, separate legal entity and work on two or three vaccines on an ongoing basis, using dedicated people and assets such as intellectual property, platform technologies, and adjuvants. Public and philanthropic organizations would provide long-term funding for the BPO, along with governance to promote monitoring and accountability.
Although the above proposals have much merit and represent a substantial step forward from the pre-Ebola era, in the most optimistic scenario they would support the development up to proof of concept of only a handful of new vaccines in the first 5 y. This would still leave us short of providing adequate protection against all 11 of the priorities identified by the WHO's Research and Development Blueprint for Action to Prevent Epidemics (23) and would leave us well short of protecting against all 30 emerging and reemerging infectious diseases identified by Morens et al. (24) . In addition, human monoclonal antibodies are not yet part of this plan.
Accessing and coordinating leading-edge global capacity and funding would make it possible to target development of vaccines and antibodies against most of the emerging and reemerging threats. For instance, if each qualified vaccine or antibody developer in a high-or low-income country would receive funding from the national government or from global funding agencies to develop one vaccine or antibody against one of the identified diseases, the world could simultaneously target 20 or 30 different diseases.
This would require an independent global agency, possibly under the authority of the WHO, G7, or both, that would be able to develop and implement a coherent and transparent global agenda and coordinate efforts among vaccine and antibody manufacturers (Fig. 3) . CEPI, for example, although still nascent, could evolve into an organization well-suited to fulfilling global biopreparedness needs by adopting the following recommendations aimed at best addressing the six key questions noted above.
With respect to identifying which immunologics to prioritize, the agency would likely begin (as CEPI does) with the WHO's Research and Development Blueprint for Action to Prevent Epidemics, which contains an initial list of pathogens likely to cause epidemics and a list of diseases that necessitate relatively quick action (23) . Additionally, the agency would collect and review scientific opinion and analyze data regarding the disruptive potential-in terms of both population health and the global economy-of a multiplicity of infectious diseases and alternative approaches to defend against them.
The agency's governing council would put out calls for vaccine and antibody development proposals from private companies or academic institutions. It would review the competitors' proposals and choose vaccine and antibody developers on the basis of the technical and financial components of their bids. By defraying costs and reducing commercial risk, the agency would incentivize the development of vaccines that would otherwise go undeveloped. In case the immunologic subsequently generates some profit, these proposals could also specify, and be judged on, the share of revenues realized from sales that would be channeled back to the agency. This mechanism for sharing both risks and rewards would in part support ongoing operations and future vaccine development efforts.
Whereas the provision of long-term funding is difficult for traditional funding agencies, initially governments should represent the primary source of funding for the agency. In some countries, plausible mechanisms for generating agency funds already exist. For instance, the United States could increase its excise tax on the administration of CDC-recommended childhood vaccines from $0.75 to $1 or $1.50. The European Union's mechanism for funding permanent research infrastructures, which is currently supported by a partnership between the European Investment Bank and the European Commission, could be used as a source of long-term funding.
The amount that each country contributes should vary according to expected benefits, as indicated by population size and income per capita. All governments throughout the world would be expected to contribute.
Beyond their baseline commitments to the agency's general fund, donors would also have the opportunity to fund, or fund at higher levels, preferred developers and disease targets, provided that these proposals meet the needs and the quality established by the agency. This would encourage further vaccine and antibody development without undue overlap and inefficiency. Eventually, returns from products that are brought to market will contribute to the agency's funding. Although each of the agency's donors would commit to a certain level of funding, the financial scope of the agency's activities should not be determined ex ante. Instead, the commitments made by national governments and other donors (e.g., philanthropic organizations) should be considered as a funding ceiling. The agency would only draw on the potential funds allocated by the donors when it approves specific proposals. That way, there will not be pressure to spend down available financial resources unless particular needs for funding and plausible solutions are identified.
The primary advantage of the proposed approach is that dedication of resources is rationally directed, proactive, and sustained, allowing more efficient development of capacity and more likely and timely availability of appropriate interventions. Central coordination of decision making and involvement of a broad coalition of governments and private sector institutions would enable development of vaccines or antibodies for many anticipated threats at once and thus allow an armamentarium of interventions against the most likely threats. In addition, targeting multiple diseases and using sharable platforms would make dedicated manufacturing infrastructure developed through this process economically viable and readily available. Also, availability of this infrastructure and knowledge of rapidly deployable platforms would allow a faster response to an unanticipated threat. Finally, the fact that some of the return on investment from each successful project would fund future research and development of publicly targeted vaccines would deflect the popular complaint that pharmaceutical companies earn monopoly profits from public investments in basic and applied research.
Ultimately, the aim of the foregoing suggestions is to produce an organization that effectively balances the efficient production of a global public good with an equitable distribution of the financial burden for creating that good, while avoiding wasteful resource allocation. As a consequence, the global population will be better positioned to rationally and efficiently defend itself against a difficultto-define set of bacterial and viral threats to its collective future. 
GOVERNING COUNCIL
Target Disease 1 Target Disease 2 Developer a Developer d Developer f Developer g Developer h Developer b Developer c Developer
